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Abstract
Pile breakwater consists of a number of piles spaced closely. It works similar to the offshore breakwater by
attenuating the energy of the waves and it is due the turbulence caused because of wave-pile interaction.
The efficiency of the pile breakwater of single row and two rows is investigated numerically. An open
source Computational Fluid Dynamics (CFD) software REEF3D is used in the present study. Initially the
grid convergence study is conducted in a rectangular wave flume with a two-dimensional setup and the
results are evaluated by comparing the numerical wave profile with the theoretical profile in accordance
with the adopted wave theory. The efficiency of the numerically modelled pile breakwater is investigated
in terms of the transmission coefficient. The simulations carried out are in accordance with the physical
model studies as reported by Subba Rao et al., (1999). The numerically obtained results are validated with
the experimental data. The numerically obtained results for the pile breakwater has shown an average of
91.5% agreement with that of experimental results.
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1. Introduction
In coastal areas, to maintain the tranquility of the harbor, artificial protection structures are required. When perfect
tranquility conditions are necessary, large structures like rubble mound breakwaters and vertical wall breakwaters are
used. For small recreational harbors or fisheries harbors and at locations where large littoral drift and onshore, offshore
sediment movement exist, unconventional types of breakwaters like floating breakwater or piled breakwaters can be
constructed (Mani and Jayakumar, 1995; Subba Rao et al., 2002; Suh et al., 2006). Pile breakwaters are constructed
and working successfully in many harbors for the protection works like, Auckland harbor in New Zealand,
(Hutchinson and Raudkivi, 1984), concrete pile breakwater (1.4 m Diameter) at Pass Christian, Mississippi, USA and
pile row breakwaters at Langkawi, Malaysia. A single or two rows of closely spaced circular piles of suitable diameter
can act like a breakwater in such locations, in such cases pile breakwaters are more suitable. Depending upon the
tranquility requirements and prevailing littoral movement conditions, the pile breakwater can be designed suitably.
The sea water is kept relatively clean as pile breakwaters permits the circulation of water in and out of the harbor
(Hagiwara, 1984). The interference of the pile breakwater with the littoral drift is also less when compared to
conventional breakwaters.

© IEOM Society International

1618

Proceedings of the International Conference on Industrial Engineering and Operations Management
Washington DC, USA, September 27-29, 2018
Numerous experimental studies have been performed on the pile breakwater to observe the wave attenuation
characteristics. Some of the previous studies include, single row and two rows of non-perforated and perforated piles
by varying the pile spacing (Hutchinson and Raudkivi, 1984, Truit and Herbich, 1987, Subba Rao et al., 1999, Subba
Rao et al., 2001, Bovin, R. 1964, Kakuno, S. and Liu, P.L.F., 1993, Koraim A.S et al., 2014 and Hongwei Liu et al.,
2011), pile arrays of four rows (Van Weele et al, 1972), closely spaced piles breakwater (Hayashi et al., 1960).
The aim of the current study is to generate a pile breakwater model using an open source software REEF3D, which
can be used for the investigation of the hydrodynamic performance of pile breakwater. Single row and two rows of
pile breakwater is simulated using REEF3D and to validate the developed model, the obtained results are validated
with the experimental results achieved by Subba Rao et al., (1999).
In this paper, section I discussed the inevitability and the prominence of pile breakwater. Section II designates the key
features of the REEF3D software. Section III deliberates about the experimental and numerical setup of wave tank,
pile breakwater arrangement and different wave parameters and water depths under which the pile breakwater has
been tested. Section IV deals with the comparison of numerically obtained results with the experimental data and
finally the Section V concludes the overall performance of the numerical pile breakwater model.

2. Numerical Model
Numerical studies are gaining importance in coastal engineering due to the flexibility, scalability, repeatability and
reduction in cost. Various numerical studies include, ocean wave energy conversion (Kamath et al., 2013, Hossain et
al., 2016), wave interaction with structures (Kamath et al., 2015, Bihs et al., 2016). REEF3D is an open-source
computational fluid dynamics (CFD) program with a deep focus on hydraulics, environmental engineering, offshore
and coastal as well as Marine CFD. The usage of the level-set method enables it to analyze complex free surface flows
(Bihs et al., 2016, Bihs and Kamath, 2017 and Alagan Chella et al. 2017).
In the present numerical model, the incompressible Navier-Stokes equations are solved with RANS turbulence closure.
Cartesian mesh is used to accomplish wave propagation with higher permanence and accurateness. Staggered grid
with projection method is adopted to resolve the pressure, which guarantees tight pressure velocity coupling. Ghost
cell immersed boundary method is utilized to contemplate the irregular boundaries. The numerical model is fully
parallelized based on the domain decomposition strategy and MPI (message passing interface). The free surface is
modeled with the level set method. (Kamath. A. et al., 2012).

2.1 Governing Equations
Incompressible Reynolds-averaged Navier–Stokes (RANS) equations are resolved in REEF3D along with the
continuity equation to resolve the fluid flow problem.
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Where u is the time averaged velocity, ρ is the density of the fluid, p is the pressure, ν is the kinematic viscosity, νt is
the eddy viscosity and g is the acceleration due to gravity. Projection method is used to determine the pressure and by
using BiCGStab solver, the consequential Poisson equation is solved. K–ω model is adopted for turbulence modeling.

2.2 Free Surface
The free surface of the waves is modelled using level set method. The signed distance function (φ), is the shortest
distance from the interface is determined by level set function. The sign of the function differentiates the two fluids at
the interface and it is shown in the equation below.
> 0 𝑖𝑖𝑖𝑖 𝑥𝑥⃗ 𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 1
Φ (𝑥𝑥,
��⃗ t) �= 0 𝑖𝑖𝑖𝑖 𝑥𝑥⃗ 𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑎𝑎𝑎𝑎𝑎𝑎
< 0 𝑖𝑖𝑖𝑖 𝑥𝑥⃗ 𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 2
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Under the effect of external velocity field uj, the level set function is moved with the convection equation as
described below.
𝜕𝜕∅
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The convection term in Equation (4) is resolved with the Hamilton- Jacobi form of the WENO scheme (Jiang GS. et
al., 2000) and for the time stepping, third-order TVD Runge–Kutta scheme is adopted (Shu CW. et al., 1988). When
the interface evolves, the level set function loses its signed distance property. In order to maintain this property and to
safeguard mass conservation, the level set function is reinitialized after every time step. In the present paper, a PDE
based reinitialization equation is resolved (Sussman M. et al., 1994).

3. Simulation and Validation of Pile Breakwater
The piles are modelled as rigid solid cylindrical structures and the placement of the piles are done in accordance with
the experimental setup as shown in Figure 1. Validation is accomplished by comparing the numerical results with the
experimental results done by Subba Rao et al., (1999) for single and two rows of piles. Simulations are carried out on
single row and two rows of piles by varying the spacing between each pile in a row (b) and also the spacing between
the pile rows (B) as shown in Figure 1.

Figure 1. Layout of piles with pile diameter D

3.1 Experimental Model Setup
Subba Rao et al., (1999) has carried out physical experiments in a wave flume of length of 50 m, depth of 1.1 m and
width 0.71 m. The flume has a flap type wave generator at one end and an absorption beach at the other end. The
physical model pipes were galvanized iron pipes of diameter (D) 0.0335 m. Experiments were performed on a single
row of piles and two rows of piles for different pile spacing within and between the pile rows.

3.2 Numerical Model of Pile Breakwater
The pile breakwater is simulated in a three dimensional numerical wave tank of length 16 m, width 0.315 m and height
of 0.7 m. Owing to the symmetry of the wave flume, in order to reduce computational time and memory space, the
width of the wave tank is reduced to half and the symmetry boundary condition is applied.

3.2.1 Single Row of Piles
The piles are placed in a single row perpendicular to the incident wave is as illustrated in Figure 2. The investigation
is conducted for different test conditions by varying the wave height and spacing between the piles as described in
Table 1.
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Figure 2. Numerical model of single row of pile breakwater
Table 1. Experiential conditions for single row of pile breakwater
Parameters

Water depth (d) = 0.40 m

Diameter of piles (D)
Spacing between each pile in a row (b)
Incident wave height (Hi)
Wave period (T)

0.0335 m
0.75D, 1D
0.056 m to 0.17 m
1.5 Sec, 2 Sec

Water depth (d) = 0.50 m
0.0335 m
0.75D, 1D
0.052 m to 0.156 m
1.5 Sec, 2 Sec

3.2.2 Two Rows of Piles
The piles are placed in a two rows perpendicular to the incident wave is as illustrated in Figure 3. It is clearly seen
from Figure 3 that the velocity of the transmitted wave is reduced due to the wave-structure interaction. The
investigation is conducted for different cases by changing the wave height and spacing between the piles as described
in Table 2.

Figure 3. Numerical model of two rows of pile breakwater
Table 2. Experiential conditions for two rows of pile breakwater
Parameters

Depth of water (d) = 0.40 m

Depth of water (d) = 0.50 m

Diameter of pile (D)

0.0335 m

0.0335 m

Spacing between each pile in a row (b)

0.75D, 1D

0.75D, 1D

Spacing between each row of piles (B)
Incident wave height (Hi)
Wave period (T)

1D, 2D
0.056 m to 0.126 m
1.5 Sec, 2 Sec

1D, 2D
0.052 m to 0.156 m
1.5 Sec, 2 Sec
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4. Results and Analysis
The mean absolute percentage error (MAPE) is a degree of the prediction accurateness of a forecasting method in
statistics. It is a measure of the size of the error in percentage. The MAPE is most widely used method of prediction
accuracy due to its benefits of scale-independency and interpretability.
𝑛𝑛

100
Actual − Forecast
�|
MAPE =
|
𝑛𝑛
Actual
𝑡𝑡=1

The mean absolute percentage error (MAPE) of the numerical results compared with the experimental results is
determined for each test case.

4.1 Grid Convergence Study
The performance of the numerical wave tank is carried out in a two-dimensional rectangular wave tank of length 12
m. Regular waves of wave height 0.08 m are generated based on linear wave theory in a water depth of 0.4 m. The
elevation of the water depth is measured using the numerical wave probe in the working zone. Mesh size of 0.05m,
0.025 m, 0.0125 m and 0.00625 m are used for studying grid convergence and the results attained for different mesh
sizes are compared as illustrated in Figure 4.
It is evident from Figure 4 that for the mesh size of 0.05 m, the crests and troughs of the waves are damped out and
the results are improved for mesh size of 0.025 m. The variation is negligible in the wave profile for 0.025 m and
0.0125 m as both converge to a single solution and give the same results.

Figure 4. Results of grid convergence study for mesh sizes of 0.05m, 0.025m, 0.0125m and 0.00625m
From the grid convergence study it can be concluded that 0.025 m is the optimum grid size and hence the same grid
size is used to for the investigation of wave interaction with pile breakwater.

4.2 Influence of Wave Steepness and spacing on Wave Transmission
The transmission coefficient (Kt) represents the wave attenuation by the structure in terms of the incident wave. The
corresponding wave transmission coefficient (Kt) is plotted against the incident wave steepness (Hi/gT2) for the
different test cases of spacing between the piles.

4.2.1 Single Row of Pile Breakwater
The variation of transmission co-efficient (Kt) with wave steepness (Hi/gT2) for a water depth of 0.4m is illustrated in
the below figures. Figure 5 (i) shows the variation of Kt for a pile spacing (b) of 0.5D and the MAPE is computed as
9.54%. Figure 5 (ii) illustrates the variation of Kt for 1D pile spacing (b) and the MAPE is 6.49% for the present case.
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i)

ii)

Figure 5. Influence of wave steepness (Hi/gT2) on wave transmission co-efficient (Kt) for a Water depth of 0.4m and
i) b=1D spacing ii) b=0.5D spacing.
Figure 6 (i) and Figure 6 (ii) illustrates the influence of wave steepness on wave transmission for a water depth of
0.5m. Figure 6 (i) represents the pile spacing of b=1D and the MAPE is 13.41% compared with the experimental data.
Figure 6 (ii) represents the pile spacing of b=0.5D and the MAPE is 7.34% compared with the experimental data.
i)

ii)

Figure 6. Influence of wave steepness (Hi/gT2) on wave transmission co-efficient (Kt) for a Water depth of 0.5m and
i) b=1D spacing ii) b=0.5D spacing.
From the results of the single pile breakwater, it is observed that as the wave steepness increases, transmission coefficient decreases. When the pile spacing (b) is decreased from 1D to 0.5D, an average of 6% reduction in Kt is
observed at 0.4m water depth and 4% reduction in case of 0.5 m water depth.

4.2.2 Two Rows of Pile Breakwater
The influence of wave steepness (Hi/gT2) on wave transmission co-efficient (Kt) for two rows of pile breakwater is
illustrated in Figure 7 (i) and Figure 7 (ii) at 0.4m water depth and constant spacing of piles b= 1D. Figure 7 (i)
represents the variation of Kt for B=1D row of piles spacing and the MAPE is found to be 7.08% compared with
experimental results. Figure 7 (ii) represents the row spacing of B=2D and the MAPE is calculated as 7.12%.
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i)

ii)

Figure 7. Influence of wave steepness (Hi/gT2) on wave transmission co-efficient (Kt) at a water depth of 0.4m for
b=1D spacing and i) B=1D ii) B=2D
The influence of wave steepness on transmission co-efficient is illustrated in Figure 8 (i) and Figure 8 (ii) at a water
depth of 0.5m. Figure 8 (i) shows the variation of Kt for B=1D spacing and the MAPE is 6.53% with the experimental
results. Figure 8 (ii) shows the variation of Kt for B=2D spacing and the MAPE is 4.07%.
i)

ii)

Figure 8. Influence of wave steepness (Hi/gT2) on wave transmission co-efficient (Kt) at a water depth of 0.5m for
b=1D spacing and i) B=1D ii) B=2D

Figure 9 (i) and Figure 9 (ii) illustrates the effect of wave steepness on transmission of waves for 0.4 m water depth.
In the present case a constant spacing of b=0.75D is maintained between the pile rows. The MAPE calculated for
B=1D spacing is 8% as illustrated in Figure 9 (i). The MAPE is found to be 6.73% for b=2D spacing as illustrated in
Figure 9 (ii).
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ii)

i)

Figure 9. Influence of wave steepness (Hi/gT2) on wave transmission co-efficient (Kt) at a water depth of 0.4m for
b=0.75D spacing and i) B=1D ii) B=2D
The variation of transmission co-efficient with wave steepness is illustrated in Figure 10 (i) and Figure 10 (ii) for a
water depth of 0.5m. The MAPE for pile spacing of B=1D is 5.18% with the experimental results as shown in Figure
10 (i). Whereas for B=2D spacing, the MAPE is 7.81% as illustrated in Figure 10 (ii).
i)

ii)

Figure 10. Influence of wave steepness (Hi/gT2) on wave transmission co-efficient (Kt) at a water depth of 0.5m for
b=0.75D spacing and i) B=1D ii) B=2D
The results obtained for two rows of piles from the REEF3D and experimental are in good agreement for waves with
high steepness. For B=1D spacing and for 0.4 m water depth, an average of 12% reduction in Kt is observed when the
b is decreased from 1D to 0.75D and the similar trend is observed for 0.5 m water depth. Increase of spacing B from
1D to 2D results in decrease of Kt to an average of 4% for 0.4 m water depth and 28% for 0.5m water depth. It is
observed from the current study that, as the wave steepness increases, Kt decreases.
From the Figure 5 to Figure 10, it is observed that introducing of two rows of piles at same spacing b=1D resulted in
decrease of wave transmission of about 3% to 4%. When the pile spacing b is decreased from 1D to 0.5D, resulted
wave transmission is equivalent to that of two rows of piles.
The streamline flow pattern for a single row of piles with the spacing b=0.5D is shown in Figure 11. The velocity of
the incident waves is intercepted by the row of piles resulting in the increase of turbulence which in turn gives rise to
reduction of wave height by loss of wave energy.
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Figure 11. The streamline flow pattern for a single row of piles with b=1D spacing
Figure 12 shows the streamline flow pattern for two rows of piles with the pile spacing of b=1d and B=1D. The
interception of piles is not causing much turbulence with the incident waves due to the higher spacing between the
piles in the rows.

Figure 12. The streamline flow pattern for two rows of piles with b=1d and B=1D spacing.
B

It is clearly seen from Figure 11 and Figure 12 that the captivation of orbital velocity and development of turbulence
is more in case of a single row of piles as compared with the two rows of piles. Thus convincing that decrease in pile
spacing in a row from 1D to 0.5D is more effective than proving two rows of piles at 1D spacing.

5. Conclusions
In the present study the validation of the numerical model has been done by comparing the transmission coefficient
obtained from REEF3D with the experimental results reported by Subba Rao et al., (1999). The numerical results are
in good agreement with the experimental results. It has been observed that for both single and two rows of piles, as
the spacing between the piles increases, the transmission co-efficient increases. The average MAPE for single row
pile breakwater is 9.19% compared with the experimental results, whereas for two rows of piles the average MAPE is
8.15%. The reduction of spacing between the piles (b) in a single row proved to be more effective in attenuating the
waves than introducing two rows of piles.
The numerical model developed using REEF3D can be further extended to study the hydrodynamic performance of
the pile breakwater by varying the number of pile rows and diameter of the piles. In the future studies, the staggered
arrangement of piles can be considered for multiple number of rows by varying the spacing between the piles. The
effectiveness of the perforations can be examined by incorporating perforations to the piles of different proportions.
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